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AFCI Quarterly Input – UNLV
April 1 through June 30, 2006
1.0

University of Nevada, Las Vegas (UNLV)

UNLV Transmutation Research Program. The University of Nevada, Las Vegas supports the
AFCI through research and development of technologies for economic and environmentally
sound refinement of spent nuclear fuel. The UNLV program has four components:
infrastructure, international collaboration, student-based research, and management and program
support. Management and program support highlights are the following:
•
•

•
•

•
•

•
•

•
•

•
•
•

Coordination of administrative and financial management of the UNLV Transmutation
Research Program.
Denis Beller, UNLV, presented a lecture entitled “Atomic Time Machines: Back to the
Nuclear Future,” to a public meeting organized by Nevada Nuclear Energy (a National
Heritage Foundation) in Reno, NV, April 3.
Denis Beller, UNLV, organized a RACE-ECATS planning meeting at Texas A&M
University on April 10.
Denis Beller, UNLV, organized the Fourth Annual ADSS Experiments Workshop at
Texas A&M University on April 11-14. Participants included UNLV, ISU, UT-Austin,
Texas A&M, U of Michigan, DOE-NE, LANL, ANL, FZK (Germany), CEA (France),
and ENEA (Italy).
UNLV hosted the academic advisory committee meeting of the Western Nuclear Science
Alliance on April 28.
In conjunction with the WNSA meeting, UNLV organized a visit to the Yucca Mountain
Project and a tour of the Nevada Test Site on April 27 including the new Critical
Experiments Facility.
Daniel Lowe was the first student to graduate under the new M.S. program in Nuclear
Engineering at UNLV in May 2006.
Denis Beller represented UNLV at a DOE Innovations in Nuclear Infrastructure and
Education Program review meeting in which most nuclear engineering programs in the
nation were represented.
Bernhard Kienzler, FZK, Karlsruhe, Germany, presented a lecture on May 4 entitled
“Safety Research for Nuclear Waste Disposal at INE.”
Anthony Hechanova, UNLV, gave a lecture on “Advanced Nuclear Fuel Cycles” as part
of a panel on The Future of Nuclear Energy Worldwide and Potential Benefits to Nevada
on May 5 at the Sun City Summerlin Nuclear Science Club Colloquium.
Anthony Hechanova, UNLV, gave a lecture on nuclear energy as part of a HALVASON
panel on The Future of Our World on May 21 at the Las Vegas Library.
Anthony Hechanova participated in a University Consortium meeting on June 7 in Reno,
Nevada.
UNLV TRP directors participated in meetings at the ANS Annual Meeting in Reno,
Nevada including the Student Sections Workshop and the Nuclear Engineering
Department Heads Organization meeting.
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1.1

Infrastructure Augmentation

1.1.1 Infrastructure Augmentation Scope
The infrastructure augmentation component of the UNLV Transmutation Research Program
enhances UNLV’s research staff, facilities, and academic programs to increase the ability of the
university to perform AFCI research.
1.1.2
•
•
•

1.2

Infrastructure Augmentation Highlights
A Course Change Request was approved for the M.S. in Materials and Nuclear
Engineering curriculum to allow students options in required courses.
It was determined that there will not be any available space to house the LANL-built
Lead Correlation Stand until the new Science and Technology Building is completed in
2008. Therefore, it will be operated at LANL until space is available at UNLV.
Progress on the liquid metal test facility includes: students started to fabricate a mockup
of the liquid metal test facility to test liquid handling, instrumentation, and control;
ordered custom machining for vacuum furnace; and, the final renovation of for the High
Temperatures Materials Experimental Facility (air conditioning and power) were
completed.
International Collaboration

1.2.1 International Collaboration Scope
The international collaboration component of the UNLV Transmutation Research Program
enhances UNLV’s breadth of scientific and scholastic experience. University collaboration is
also an efficient conduit for international collaboration that benefits the national AFCI program.
UNLV has ongoing relationships with the International Science and Technology Center (ISTC)
who manages contracts with the Institute for Physics and Power Engineering (IPPE) in Obninsk,
Russia for the TC-1 lead bismuth target loop and the Research Coordinative Center on the
Problem of Muon Catalyzed Fusion and Exotic Quantum Systems (MUCATEX) in Moscow,
Russia for the project entitled “Preparatory Work for the Systematic Measurements and
Evaluation of Minor Actinide Nuclear Data.” UNLV also has ongoing collaboration with the
Ben Gurion University of the Negev in Beer Sheva, Israel (Task 19).
1.2.2
•

1.3

International Collaboration Highlights
The first quarterly report from Leonid Ponomarev entitled “Preparatory Work for the
Systematic Measurements and Evaluation of Minor Actinide Nuclear Data” for the IPPE
Nuclear Data ISTC project was approved.
Student Research

1.3.1 Student Research Scope
The Student Research component is the core of the UNLV Transmutation Research Program.
The milestones, schedules, and deliverables of the student research projects are detailed in the
individual research proposals. UNLV has 16 active student research tasks and 14 tasks that have
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concluded. The tasks are divided below in terms of their research area: fuels, separations, and
transmutation sciences.
1.3.2

Student Research Highlights

FUELS TECHNOLOGY
Interaction between Metal Fission Products and TRISO Coating Materials (Task 17)
Highlights.
•
•
•
•
•

A new electron analyzer (SPECS PHOIBOS150), funded through a different project, was
installed.
Construction planning and procurement is underway for a new Cs evaporator for a
Cs/SiC experimental campaign.
SiC and SiNx samples were investigated during a May 16-24 experimental run at the
Advanced Light Source.
A student began to prepare Pd/SiC samples for cross-sectional analysis.
A new scanning probe microscope was installed and tested at in the existing UHV
system. Several group members received SPM training.

Dissolution, Reactor, and Environmental Behavior of ZrO2-MgO Inert Fuel Matrix (Task
19) Highlights.
•

•

•

X-ray diffraction (XRD) was performed and analyzed on all Uranium-containing samples
that were used in the X-ray absorption fine structure (XAFS) experiments. UO2 proved
to be more soluble in cubic zirconia than the CeO2 analog. Furthermore, UO2 and Er2O3
are not mutually soluble in each other, while CeO2 and Er2O3 are mutually soluble. Data
from the XAFS experiments was analyzed. This confirmed that uranium was contained
in the cubic zirconia lattice and quantified the strain on the local structure from the larger
Uranium inclusions.
A reliable method to perform X-ray fluorescence is still being developed using the
cerium containing ceramics. A method to quantify the amount of amorphous material by
XRD was used on cerium containing ceramics. Thermal gravimetric analysis/differential
scanning calorimetry was used to determine when the oxalate – hydroxide precipitate was
converted to oxide and it showed a phase transition from monoclinic baddeleyite to
partially stabilized tetragonal ZrO2. Transmission electron microscopy sample
preparation is being developed.
Reactivity feedback coefficients of fertile-free Pu-containing fuels were evaluated and
compared with those of conventional UO2 fuel. The potential of different burnable
poison materials and geometrical arrangements to improve the reactivity coefficients of
fertile-free fuels (FFF) were investigated. The main design challenges of FFF include
positive Moderator Temperature Coefficient, significantly reduced Doppler Coefficient,
and significantly reduced soluble Boron Worth. The calculations were performed with
the BOXER computer code on the fuel assembly level for the fuel composition
corresponding to an 18 months fuel cycle length.
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Design Concepts and Process Analysis for Transmuter Fuel Manufacturing (Task 22)
Highlights.
•

Hot Cell robot control: Work on the visual servoing of robots inside the hot cell
continued. The research is focused on the reliable automated detection of objects to be
moved, and on the vision-based servoing (control) of the robot. Several features (pan, tilt,
and zoom) of a remotely controllable CCD camera (Sony EVD30) are controlled from
the PC.

Impact of the Synthesis Process on Structure Properties for AFCI Fuel Candidates (Task
28) Highlights
•
•
•
•

The solubility limit of erbium in zirconium-mononitride surrogate fuel at 1700°C was
determined.
The phase constitution and the phase compositions of the equilibrium phases were
determined quantitatively using XRD/Rietveld analysis and Electron microprobe
analysis.
An oxide sample in the system ZrO2-UO2-ErO1.5 was prepared for transmission electron
microscopy and intensive TEM training was provided.
Two high temperature furnaces were serviced and/or installed. Both furnaces are suited to
synthesize ceramic oxide and nitride fuel samples.

SEPARATIONS TECHNOLOGY
Immobilization of Fission Iodine (Task 15) Highlights.
•
•
•
•

Research on the reaction of iodide with lignin in the presence of MnO2 continued. It was
established that iodine incorporation into lignin is a function of iodide concentration (at
pH 7).
The effect of iodination (with MnO2) on lignin composition was examined. Minor
compositional changes in lignin with reaction was demonstrated.
The dominant reactive species at pH 7 with soluble lignin was reexamined.
The organic iodine concentration in a soil sample was examined to test the analytical
method and the co-occurrence of iodine and organic matter.

Development of Integrated Process Simulation System Model for Spent Fuel Treatment
Facility Design (Task 24) Highlights.
•
•

UNLV researchers met with ANL scientists George Vandegrift and Jackie Copple in
April to refine the TRPSEMPro system engineering model architecture. The ASPENPlus software architecture was refined based on this meeting.
Parametric studies for acid and plutonium separation processes were finished and
presented.
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Electrochemical Separation of Curium and Americium (Task 25) Highlights.
•
•
•

All redox experiments were concluded with both complexed and uncomplexed species.
The electroactivity of Au clusters embedded in PANI membranes were verified.
A quartz crystal electrochemical microbalance was obtained to independently verify the
electrochemical chelation using the PANI/Au/Thiol composite membranes.

Fundamental Chemistry of U and Pu in the TBP-Dodecane-Nitric Acid System (Task 26)
Highlights.
•
•

Work focused on measuring the acid concentrations of the samples prepared last quarter
in order to have more complete information about the phases. This was done by titration.
UV-Vis spectroscopy was performed on the organic phases of the samples. Work was
reinitiated on the interaction of uranium with acetohydroxamic acid.

Investigation of Optical Spectroscopy Techniques for On-Line Materials Accountability in
the Solvent Extraction Process (Task 29) Highlights.
•
•
•

UV/Visible spectroscopy studies on UO22+/NO3-/H+ completed. Molar absorptivities were
determined for representative UREX process streams.
The impact of AHA on uranyl molar absorptivities was examined. Examination of
UO22+/NO3-/H+/AHA system was initiated.
Laser fluorescence studies on the UO22+/NO3-/H+ system were initiated.

Combined Radiation Detection Methods for Assay of Higher Actinides in Separation
Processes (Task 30) Highlights
•
•

Students began developing a design for using the Neutron Multiplicity Detector System
in conjunction with the carbon neutron slowing down spectrometer at Idaho State
University.
The NMDS was disassembled, moved, and then reassembled following installation of
new lab flooring. Subsequent testing demonstrated a need to improve its robustness
before transporting it to ISU.

TRANSMUTATION SCIENCES
Use of Positron Annihilation Spectroscopy for Stress-Strain Measurements (Task 14)
Highlights.
•
•
•

The TEM micrographs of the cold-reduced plates were characterized by the presence of
dislocations and carbide precipitates, irrespective of the cold-reduction level.
The dislocation density (ρ) was enhanced almost by an order of magnitude due to the
reduction of thickness by cold-rolling from 0 to 11%.
For welded specimens of similar and dissimilar materials, the magnitude of ρ was
substantially higher at the heat-affected-zone compared to that of the base material.
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Corrosion Mechanisms and Kinetics of Steels in Lead-Bismuth Eutectic (Task 18)
Highlights.
•

•
•

Extensive collaborative work was conducted with scientists at LANL, including work
with P. Hosemann on dispersion strengthened steels and with J. Valdez on ion beam
modified ceramics (to result in collaborations on ion beam modification/labeling of steels
and oxygen sensor materials).
An article entitled “Spectroscopic and Microscopic Study of the Corrosion of IronSilicon Steel by Lead-Bismuth Eutectic (LBE) at Elevated Temperatures” was published
in the Journal of Nuclear Materials.
New experimental efforts were initiated including Raman microscopic measurements of
the corrosion layer in the steels and gas phase low oxygen concentration corrosion of the
test alloys.

Impact of Silicon on Corrosion Resistance of Stainless Steels in LBE Systems (Task 20)
Highlights.
•

•
•

Tensile data indicates that the magnitudes of both Yield Strength and Ultimate Tensile
Strength were gradually reduced with increasing temperature, as anticipated. However,
there was a gradual drop in the failure strain in the temperature regime of ambient to
400ºC, an indication of dynamic strain ageing.
The results of Slow Strain Rate testing in an acidic solution (pH~2.2) suggest that the
cracking susceptibility was enhanced at 90ºC in terms of the reduced time to failure and
failure strain.
SEM studies on self-loaded C-Ring specimens revealed a separation of grains possibly
due to the decohesion of surface layers resulting from their interaction with the molten
metal (LBE). Intergranular brittle cracking was seen on the convex side of this specimen,
which also revealed the presence of lead, as observed by energy dispersive spectroscopy.

Oxide Film Growth Modeling in LBE Systems (Task 21) Highlights.
•
•

A numerical modeling on the oxygen-diffusion controlled oxide layer growth model was
developed.
The parametric study on the cellular automata modeling on the corrosion/precipitation
behaviors of steels in oxygen-containing liquid lead was finished.

Corrosion Barrier Development for LBE Corrosion Resistance (Task 23) Highlights.
•
•

The deposition of Ni nanowires on steel substrates was achieved.
A 3-micron layer of dense alumina was deposited on top of the Ni nanowires. The
samples are currently being tested for thermal recycling resistance. Work is also
continuing on depositing thicker layers of alumina, preferably up to 10 microns.
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Reactor Physics Studies for the AFCI RACE Project (Reactor-Accelerator Coupling
Experiments Project (Task 27) Highlights.
•
•

Three UNLV students won the UNLV Mechanical Engineering Senior Design
Competition for their design of a High-Power RACE Target.
Full-core ADSS experiments were completed at ISU in collaboration between UNLV,
ISU, and the CEA (France).

FUELS TECHNOLOGY
Interaction between Metal Fission Products and TRISO Coating Materials (Task 17).
Major instrumentation upgrades of the existing UHV system shown in Figure 1 were
successfully completed, which led to a significant experimental downtime. First, the 20-year old
electron analyzer (ESCALab MkII) was replaced by the best electron analyzer of similar size
currently on the market (SPECS PHOIBOS150 MCD). In the previous two quarters, there had
been an increasing amount of diverse electronic problems with the old analyzer, ranging from
software communication problems to significant spectral background noise. With the new
analyzer, all of these problems can be alleviated. Furthermore, photoemission spectra can now be
collected with substantially higher signal-to-noise-ratio at significantly improved spectral
resolution and reduced experiment time.
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Figure 1. The modified multi-chamber ultra-high vacuum apparatus: the replacement electron
analyzer is on the left, the scanning probe microscope is on the center-right.
Second, a state-of-the-art Omicron variable temperature scanning probe microscope (SPM),
which allows the in-vacuo analysis of metal/SiC interface samples by scanning tunneling
microscopy and atomic force microscopy, has been installed and operator training was received.
This locally resolving approach will give further valuable insight into the lateral morphology of
the in situ grown samples.
Experimental efforts focused on extending and verifying the data set on Pd/SiC interfaces. The
first SiC experiments with the electron analyzer are currently being conducted and further data
was taken during a recent run at the Advanced Light Source, Lawrence Berkeley National Lab.
The verification and extension process of the Pd/SiC data is expected to continue in the next two
quarters.
A second experimental focus is the design and assembly of a Cs evaporator to investigate the
Cs/SiC interface. Parts have been ordered and the evaporator assembly will be completed over
the summer. The Ag/SiC experimental campaign will commence once a suitable graduate
student is identified.
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Dissolution, Reactor, and Environmental Behavior of ZrO2-MgO Inert Fuel Matrix (Task
19)
Ceramic Fuel Synthesis and Characterization
Experimenting with a method for x-ray fluorescence (XRF) has shown that the instrument is
highly sensitive to the matrix in which the elements are contained. Therefore, it is necessary to
distinguish between MgO dissolved in cubic zirconia and MgO in a periclase phase. To do this it
is necessary to produce two calibration curves, one for pure cubic zirconia and one for the
mixture of cubic zirconia and periclase. This involves making 12 standards from the solid state
synthesis method.
X-ray diffraction (XRD) of uranium containing ceramics showed some slightly different
characteristics than the cerium ceramics. UO2 and Er2O3 are not mutually soluble, unlike CeO2
and Er2O3 which are mutually soluble. The U-containing ceramics did show the same trends and
phases as Ce-containing ceramics other than solubility in Er2O3.
An equal amount of corundum was mixed with a sample to evaluate how much amorphous
material was contained within the sample. As can be seen in Figure 2, a large amount of the
sample is not seen by the XRD, resulting in apparently more corundum than sample.
sample 4 with 50% Al2O3 large sample.raw
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Figure 2. X-ray diffraction results.
In the thermal gravimetric analysis/differential scanning calorimetry (TGA/DSC) sample shown
in Figure 3, it is possible to see the exothermic process beginning at 262oC corresponding to the
9

conversion of the oxalate – hydroxide precipitate to the oxide. The second peak at 510oC is a
phase change from monoclinic to tetragonal ZrO2, which was confirmed by XRD.

Figure 3. Thermal gravimetric analysis/differential scanning calorimetry results.
From the XAFS analysis of the cubic structures of Zr0.825 - 0.125Mg0.1 - 0.8U0.05Er0.025 it can be
concluded that U is contained within the Zr lattice and EXAFS and XRD are in reasonable
agreement and exhibit the same trend. It is shown that U is in the cubic zirconia lattice by
modeling the U scan with cubic zirconia. The only modification needed was to change the
absorbing atom from Zr to U. The trends in bond length in both XRD and EXAFS are due to Mg
incorporation lowering the bond length from samples Zr0.825 – 0.525Mg0.1 - 0.4U0.05Er0.025. Then, due
to the relative amount of U and Er to Zr, the bond length increases from samples Zr0.525 0.125Mg0.4 - 0.8U0.05Er0.025. Table 1 lists U – Zr and Zr – Zr bond lengths as determined by EXAFS.
Table 1. Metal – metal bond distances as determined by XAFS.
Compound
Bond
EXAFS R ± 0.02 Å
Zr0.825Mg0.1U0.05Er0.025 U – Zr
3.66
Zr – Zr
3.66
Zr0.725Mg0.2U0.05Er0.025 U – Zr
3.69
Zr0.625Mg0.3U0.05Er0.025 U – Zr
3.62
Zr – Zr
3.64
Zr0.525Mg0.4U0.05Er0.025 U – Zr
3.64
Zr – Zr
3.61
Zr0.425Mg0.5U0.05Er0.025 U – Zr
3.68
Zr0.325Mg0.7U0.05Er0.025 U – Zr
3.69
Zr0.225Mg0.8U0.05Er0.025 U – Zr
3.69
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From the U – O and Zr – O bond distances listed in Table 2, it shows the Zr – O bond lengths
follow the same patterns described in the previous paragraph. The U – O bond length is
elongated by around 0.1 Å due to the larger size of U as compared to Zr. The U – O bond
distances remain fixed around 2.33 Å. The affect of substituting the larger U which pushes the
first shell O to larger bond distances has little or no affect on the second shell Zr atoms as seen in
the lack of difference between Zr – Zr and U – Zr bond distances (Table 1). Therefore, U
substitution in the cubic zirconia lattice has only very short range affects (<3.5 Å).
Table 2. Metal – oxygen bond distances as determined by XAFS.
Compound
U – O (R ± 0.02 Å)
Zr – O (R ± 0.02 Å)
Zr0.825Mg0.1U0.05Er0.025
2.33
2.21
Zr0.725Mg0.2U0.05Er0.025
2.35
Zr0.625Mg0.3U0.05Er0.025
2.30
2.19
Zr0.525Mg0.4U0.05Er0.025
2.33
2.16
Zr0.425Mg0.5U0.05Er0.025
2.34
Zr0.325Mg0.7U0.05Er0.025
2.35
Zr0.225Mg0.8U0.05Er0.025
2.33
2.24
Reactor calculations
Pu loaded fertile-free fuel (FFF) showed potential feasibility to be used in existing PWRs. All
FFF problems may be significantly mitigated through the correct choice of burnable poison (BP)
material and configuration. Based on the performed analysis, it was found that a combination of
BP materials and geometries may be required to meet all FFF design goals. The use of enriched
(in most effective isotope) burnable poisons, such as Er-167 and Gd-157, will further improve
the BP effectiveness and reduce the fuel cycle length penalty associated with their use. However,
these findings can be confirmed only by performing a full core 3-dimensional neutronic analysis.
Design Concepts and Process Analysis for Transmuter Fuel Manufacturing (Task 22)
Recognition of Cylindrical Fuel Pellets by the CCD Camera
The images of cylinders that are captured by the CCD camera have the following properties
which make the recognition of the cylinder more difficult. The real time cylinder pictures
contain shadows as well as reflections (specularity) caused by lighting conditions. One objective
is to seek to detect the cylinders’ contours in order to identify and classify it correctly. Changes
of lighting conditions can make the correct identification difficult at times.
Fuel pellets are identified as cylinders having the following minimum features: 2 lines are
parallel and are the same length; and, each end of the contour is a half-ellipse. Additional
properties of a cylindrical shape can be that one of the ends is a complete ellipse and the other
end is a half ellipse that has the same characteristics as the former. All of these properties will be
used to recognize a cylinder. The mathematical process (algorithm) for cylinder identification is
written in Matlab.
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Before starting the Matlab processing the camera’s bitmap image is converted to a JPEG image.
The target object (the cylinder) is detected, and all other image noise is removed (Figure 4). Any
lines inside the cylinder are removed (Figure 5).

Figure 4. Removal of image noise.
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Figure 5. Line removal inside a cylinder.
Figures 6 through 9 show images that were captured by camera, and the contours detected by the
algorithm. Note that the detected contours were distorted by shadows and specularity.

Figure 6. CCD image of a cylinder.

Figure 7. Contour of the cylinder of Fig. 6.
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Figure 8. CCD image of a cylinder.

Figure 9. Contour of the cylinder of Fig. 8.

Impact of the Synthesis Process on Structure Properties for AFCI Fuel Candidates (Task
28)
Erbium-Solubility in ZrN-based Inert Matrix Fuels
As a result of earlier efforts in the investigation of the IMF fuel system Zr-U-Er-N from
precursor oxide solid solutions in the system Zr1-(x+y)UxEryO2-(y/2) it can be concluded that
uranium and zirconium show different affinities to nitrogen. Furthermore, it can be observed that
solubility limits in the oxide-based systems are different than the solubility limits in nitride-based
systems. The solubility (e.g., of rare earth elements in nitrides) is significantly lower than in the
precursor oxide system, which can result in phase separation while applying carbothermic
reduction/nitridization. In order to closer study and to quantify these phenomena, the focus has
been placed on solubility limits of erbium (a designated neutron poison) in zirconium nitrides.
The intent is to determine the solubility limit of erbium in zirconium-mononitride surrogate fuel
at 1700 °C. Therefore a mono-phase Zr0.7Er0.3O1.85 precursor oxide-solid solution was
synthesized and treated at 1700 °C for 20 h in purified nitrogen atmosphere. The phase
constitution and the phase compositions of the equilibrium phases were determined
quantitatively using XRD/Rietveld analysis and especially electron microprobe analysis. The
impact of erbium solubility on the crystallographic parameter of ZrO2 and ZrN was determined.
Therefore, four samples of the solid-solution phase Zr1-xErxO2-x/2 for 0.02<x<0.12 were
synthesized and their lattice parameters were determined by XRD/Rietveld analysis. The solid
solution phases in the system Zr1-xErxO2-x/2 were treated by carbothermic reduction/nitridization
to further determine the impact of erbium solubility on the crystallographic parameter in ZrNbased mononitrides.
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Table 3. Results of Electron-microprobe Analysis of Zr1-xErxO2-x/2 (for x=0.1) after
Carbothermic Reduction and Nitridization
No

O [at.-%]

Er [at.-%]

Zr [at.-%]

N [at.-%]

(Zr+Er)
/(N+O)
ratio

Compound

Phase

Comment

1

4.8279

4.009

41.0286

50.1345

0.82

Zr0.41(Er0.04)N0.50(O0.05)

Zr0.91Er0.09 N1.1 O0.1

dark

2

31.322

13.759

27.066

27.854

0.69

Zr0.27(Er0.14)N0.28(O0.31)

Zr0.66Er0.34 N0.68 O0.76

light

3

3.922

3.4732

42.0133

50.5916

0.83

Zr0.42(Er0.03)N0.51(O0.04)

Zr0.93 Er0.07 N1.1 O0.09

dark

4

8.22

8.478

34.321

48.981

0.75

Zr0.34(Er0.09)N0.49(O0.08)

Zr0.79 Er0.2 N1.1 O0.19

light

5

7.6544

3.8028

40.416

48.1269

0.79

Zr0.40(Er0.04)N0.48(O0.08)

dark

6

15.44

10.174

33.366

41.021

0.77

Zr0.33(Er0.10)N0.41(O0.15)

7

5.54

4.346

48.442

41.672

1.12

Zr0.48(Er0.04)N0.42(O0.06)

8

30.628

19.908

25.459

24.004

0.83

Zr0.25(Er0.20)N0.24(O0.31)

9

5.877

4.229

37.197

52.698

0.71

Zr0.37(Er0.04)N0.53(O0.06)

10

25.166

15.229

33.871

25.734

0.96

Zr0.34(Er0.15)N0.26(O0.25)

Zr0.91 Er0.09 N1.1 O0.18
Zr0.77 Er0.23 N0.95
O0.35
Zr0.92 Er0.08 N0.81
O0.11
Zr0.56 Er0.44 N0.53
O0.69
Zr0.90 Er0.10 N1.29
O0.15
Zr0.69 Er0.31 N0.53
O0.51

11

4.993

5.635

34.903

54.469

0.68

Zr0.35(Er0.06)N0.54(O0.05)

dark

12

11.573

12.267

33.102

43.057

0.83

Zr0.33(Er0.12)N0.43(O0.12)

Zr0.85 Er0.15 N1.3 O0.12
Zr0.73 Er0.27 N0.96
O0.27
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3.7226

1.6507

46.1568

48.4699

0.92

Zr0.46(Er0.02)N0.48(O0.04)

Zr0.96 Er0.04 N1 O0.08

dark

light
dark
light
dark
light

light

Carbothermic reduction and nitridization of single-phase Zr1-xErxO2-x/2 (for x = 0.1) at 1700 °C
leads to the formation of two solid solutions of different crystal structure and stoichiometry. As a
result, solubility of erbium in a dioxide-based solid solution is significantly higher than the
erbium solubility in mononitrides and after nitridization, the former one-phase field turns into a
two-phase field. The constitution of the mononitride Zr1-xErxN can be determined. The
solubility limit for erbium at 1700 °C in the BES-dark phase was measured to be 0.07<x<0.10.
The microstructure of the sample shown in Figure 10 is defined by loosely bounded particles of
sizes between 2 and 20 microns and an about 20 % pore space. The relatively darker particles
(BES image) were identified as Zr1-xErxN (0.07<x<0.1) mononitrides with nitrogen to oxygen
ratios between 6.1 and 12.5, averaging 9.8. The second phase, an oxygen-rich M2X3 bixbyitetype structure appears with rather small grain sizes. Unusually high oxygen contents of the
mononitride phase could be observed when the electron beam eventually interferes with the
dispersed bixbyite phase. The formation of the second bixbyite-type phase through carbothermic
reduction and nitridization is a result of limited erbium solubilities in zirconium-based
mononitrides. Its stoichiometry was measured to be Zr1-x(N,O)1.5 for 0.2<x<0.44. The nitrogen to
oxygen ratio was determined to be between 0.76<x<3.5, averaging 1.8. Excess amounts of rare
earth elements leads to the formation of zirconium-erbium oxonitrides, crystallizing with
bixbyite-type crystal lattices.
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a)

a)

b)

d)

c)

Figure 10. Microstructure by SEM Backscattering Image of Zr1-xErxO2-x/2 (for x=0.1) after
Carbothermic Reduction and Nitridization at (a) 100 times, (b) 250 times, (c) 500 times, and (d)
1000 times magnified.
The small grain sizes of IMF-type material directly after nitridization do not favor highly
accurate determination of the phase constitution since the X-ray signal of neighboring grains
may interfere.
Efforts were intensified to study the system ZrO2-ErO1.5 as designated precursors for
synthesizing mononitrides. Therefore a set of oxides within this system were synthesized and
studied (Table 4).
Table 4. Samples in the system Zr1-xErO2-2/x as precursors to synthesize mononitrides.
Sample

ZE 4
ZE 5
ZE 6
ZE 7
ZE 8
ZE 9
ZE 10
ZE 11

Composition
Zr
1.0000
0.9800
0.9600
0.9400
0.9200
0.9000
0.8800
0.8600

Er
0.0000
0.0200
0.0400
0.0600
0.0800
0.1000
0.1200
0.1400

Zr + Er
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000

Mass
(g)

M.W.
O
2.0000
1.9900
1.9800
1.9700
1.9600
1.9500
1.9400
1.9300

(g/mol)
123.2228
124.5835
125.9443
127.3050
128.6657
130.0264
131.3872
132.7479
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ZrO2
2.0000
1.9386
3.7570
3.6394
3.5243
3.4116
3.3013
3.1932

ErO1.5
0.0000
0.0614
0.2430
0.3606
0.4757
0.5884
0.6987
0.8068

Total
2.0000
2.0000
4.0000
4.0000
4.0000
4.0000
4.0000
4.0000

Cstoichiometry
to form CO
(g)
0.3899
0.3837
0.3776
0.3717
0.3659
0.3602
0.3547
0.3492

The phase constitution was determined by XRD/Rietveld analysis (Figure 11).
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Figure 11. XRD/Rietveld analysis of samples in the precursor system Zr1-xErO2-2/x for x = 0.02
(ZE 5), 0.04 (ZE 6), 0.10 (ZE 9), and 0.14 (ZE 11).
The XRD pattern were analyzed and refined to residuals of typically 5 %. The results are shown
in Figure 12.
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Figure 12. Lattice parameter evolution and phase constitution in the system Zr1-xErO2-2/x
The Rietveld analysis of the XRD powder pattern was performed by introducing a cubic
zirconia-type structure as well as a monoclinic baddeleyite-type structure. It is assumed that at
low erbium concentration, a tetragonal partial-stabilized phase rather than a fully-stabilized
zirconia-based phase would be synthesized, but the low phase content and broad peak profiles
did not support the fit using tetragonal partially-stabilized zirconia structure for the refinement.
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As plotted in Figure 12a, with increased erbium content the lattice parameter evolution in the
solid solution system is not strictly linear as expected. The discontinuous nature of the lattice
parameter evolution between 0.06<x<0.08 is a good indication that fitting the peak profiles by
introducing a cubic structure type might not be the correct choice at substitutions of zirconium
by erbium below 8 %. Instead, a tetragonal structure type might have been introduced. However,
increased erbium contents increased the phase ratio zirconia to baddeleyite in a linear fashion. As
a result, in the precursor system Zr1-xErO2-2/x there was as much zirconia as baddeleyite (wt.-%)
at a substitution level of x = 0.85.
The oxide system Zr1-xErO2-2/x will be used as precursors to hopefully synthesize phase-pure
mononitrides in the system Zr1-xErN by carbothermic reduction/nitridization. Earlier attempts to
convert oxides into nitrides were not fully successful and only yields of about 67% could be
reached. The remaining oxide phase significantly diminishes fuel quality. We improved our
carbothermic reduction/nitridization process (Figure 13) by introducing nitrogen purge-gas
cleaning (filter cartridge) and oxygen stripping (copper substrate at 500 °C). The hightemperature environment was improved by sintering in a tantalum tube inside the ceramic tube
furnace. The outcome of this hopefully improved process will be reported.

Filter
Cartridge
Tube furnace
(500°) for
oxygen stripping
Controller and
power supply
Sealed tube furnace
(1800°C) with inner
tantalum working tube

Figure 13. Modified experimental set-up to improve carbothermic reduction / nitridization
process.
SEPARATIONS TECHNOLOGY
Immobilization of Fission Iodine (Task 15).
Observations on the reactivity of iodide in the presence of MnO2 have continued. Several additional experiments at
pH 7 in the presence of 10-2 M to 10-5M iodide were conducted. Some of the measurements have not been
completed due to a vacuum failure on the pyrolysis/MS system. Alkali lignin (Aldrich ) and MnO2 (0.1 grams of

18

each) were mixed with 45 mL of various buffered iodide solutions. The solution/suspensions were mixed (end over
end) for 96 hours. At the end of the incubation time MnO2(s) was removed by centrifugation and the solution was
decanted. Lignin was recovered by centrifugation after acidifying the solution to pH 2. The lignin was washed
several times with dilute HCl and then dried under vacuum.
Pyrolysis experiments were performed as described in previous reports. Methyl iodide was quantified by GC/MS.
The methyl iodide response was calibrated with external standards. The results indicate that the iodine content in
the alkali lignin increased with iodide concentration in an approximately linear fashion. Experiments to quantify the
kinetics of this process have begun.
Elemental compositional changes in lignin with reaction time with iodide and MnO2 were investigated. There were
no substantial changes in elemental analysis (C:H:N). Lignin phenol speciation did show some subtle changes. The
amount of syringyl phenol appeared to increase with iodination. It was hypothesized that this may be a result of the
iodination of vanillyl phenols. During pyrolysis the iodinated phenols react with OH- releasing iodide and
transforming the iodinated vanillyl residues to syringly.
Also, the question of whether IOH or I2 is the reactive species in the iodination of NOM with a series of experiments
with alkali lignin at pH 7 in the presence of various iodide concentrations was revisited. Iodine was added from an
iodine saturated aqueous solution (~300 ppm). As in previous results, the reaction rate of iodine was a function of Iand the observed pseudo first order rate constant could be fit to an equation of the form:

k obs =

B
A
+
[KI] [KI] 2

(1)

The “A” term corresponds to the contribution of I2 to the reaction and “B” to the contribution of IOH (1). Using A
and B values determined by least squares fitting of the experimental results, the relative contribution of the two
species was calculated as a function of iodide concentration. At low iodide concentration in the reaction IOH is the
dominant reactive species.
Soil/sediment samples from the Virgin River Flood Plain were examined for evidence of natural incorporation of
iodine into NOM. On average the organic iodine accounted for 70% of the iodine in this soil. From this data there
is an apparent correlation between organic iodine and organic carbon. From the pyrolysis results, it was found that
organic iodine also correlated with the lignin phenol signal. These results indicate the organic sequestration is an
important phenomenon in nature and has a great influence on the fate and transport of natural iodine.
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MnO2 Promoted
Incorporation of iodine into
Alkali Lignin
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Figure 14. Methyl iodide release from alkali lignin that was incubated (for four days) with various concentrations of
KI. The pH was 7.0 and the temperature was ~25oC.
pH 7 Lignin
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Figure 15. The observed pseudo first order rate constant for the incorporation of iodine into alkali lignin. The data
was fit to equation 1 and the magnitude of A and B were estimated.
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Effect of Iodide Concentration on Reactive
Iodine Species
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Figure 16. Using the values of A and B (Figure 15) the ratios rate constants corresponding to IOH and I2 has been
calculated as a function of iodide content. At this pH we expect IOH to be the dominant reactive species.
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BB1 Virgin River
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Figure 17. A soil core from the shores of the Virgin River. Organic iodine was the predominant form of iodine in
this core. The organic iodine correlates with organic matter content.
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Development of Integrated Process Simulation System Model for Spent Fuel Treatment
Facility Design (Task 24).
Interface to interact with ASPEN Plus through the TRPSEMPro Packages
Figure 18 shows the sequence diagram that maps how Aspen Plus takes its input and data flow.
The new sequence diagram was determined based on discussions with Argonne National
Laboratory (ANL) researchers.
Main Interface

Aspen

AMUSE

Load BKP file
Retrieve data from file
Display the Data

Change Data
Run
Send Results
Run to get Temperature
Pressure, D- value
Return Temperature,
Pressure, D-value

Check value

Return the Value to be
Displayed

Figure 18. ASPEN Plus interface.
Process Simulation of Nitric Acid
ANL is interested in understanding the feasibility of applying tower separation for nitric acid,
acetic acid, and water separation, with nitric acid leaving as bottoms product with a high
concentration of 4.5M from 0.6M. The separation simulated assumes a liquid feed with ternary
composition. It was desired to simulate a separation of the feed and have the nitric acid leave the
column as a bottoms product. While this is not the desired separation (the easiest separation
would have nitric acid leaving in the tops stream), ASPEN Plus will come up with a solution to
the scenario posed. The purpose of the simulation is to validate the feasibility of using a tower
design. An arbitrarily assigned molar flowrate was chosen in an effort to test the hypothesis.
The ASPEN Plus flowsheet used in the initial simulation is shown in Figure 19.

Figure 19. ASPEN Plus flowsheet used in the initial nitric acid simulation process.
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With the temperature, pressure, feed concentration, distillate rate and number of stages held
constant it was desired to study how changing the reflux ratio in the column affects product
flowrates. Increasing the reflux ratio gives an overall decrease of nitric acid flowrate shown in
Figure 20. Figure 21 shows a second parametric study in which the molar flowrate of nitric acid
from the bottom streams continuously decreases as the number of stages increases and is
gradually stabilized after the number of stages goes above 6. While the studies performed have
shown that the manipulation of both reflux ratio and number of stages affects the separation of
feed components, the changes are minimal and can be considered negligible. This simulation
shows that it is not feasible to design a tower that removes nitric acid as a bottoms product from
a feed of nitric acid, acetic acid, and water.
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Figure 20. Effect of varying the reflux ratio on nitric acid in the bottom stream.
Effect of Varying Number of Stages on Bottoms Flowrates
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Figure 21. Effects of varying stage number on nitric acid in the bottom stream.
Electrochemical Separation of Curium and Americium (Task 25).
Electroactive PANI/Au electrodes were produced that can be modified with thiols allowing
electrochemical control of the bound entity. The polymer/Au system is presented in Figure 22,
and the electrochemical response of a ferrocene tagged thiol bound to the gold in the polymer is
presented in Figure 23. The results show that it may indeed be possible to use potential mediated
chelation to separate like species from solution.
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The preparation of the PANI/Au/Thiol membrane is underway. The first step involves the
synthesis of the polymer membrane. This is followed by the reduction of Au particles in the
polymer membrane to produce a conductive polymer/metal composite. Attaching chelating
agents to the gold surfaces embedded in the polymer ensures that the chelation species in the
membrane does not leach to the solution. The first two steps have been completed and the
presence of Au in the polymer membrane was confirmed. Figure 23 shows the SEM images of
the polymer prior to and after incorporation of the Au.

Figure 22. SEM of (a) Polyaniline (PANI) and (b) PANI/Au.
The last phase of this research is based on the electrochemical separation of americium and
curium. The proof of principal for this experiment is shown in Figure 23. In this figure the
doping of polyaniline (PANI) is shown (green) followed by the second doping (red) after the
uptake and reduction of Au particles in the polymer membrane. These particles will be used to
affix the chelating ligand and then the applied potential will be used to facilitate complexation
and speciation. To test the ability of the Au particles to interact with thiol molecules, a simple
five carbon thiol with a ferrocene tail was allowed to interact with the PANI/Au membrane.
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Over time the thiol spontaneously adsorbs to the Au clusters in the polymer matrix. The
ferrocene tail can then be oxidized or reduced by changing the applied potential of the
Pt/polymer/Au/thiol electrode. The results are shown in Figure 23 (blue) with a schematic of the
system to the right. The peaks that occur at ~0.5 V correspond to the reversible
oxidation/reduction of the ferrocene tail of the bound polymer. For comparison the oxidation
and reduction of the ferrocene thiol at a planar gold electrode is also shown in Figure 23
(yellow). The oxidation and reduction of ferrocene is clearly visible in the polymer indicating
the gold particles are electroactive and can act in potential mediated chemical reactions. The
ultimate goal is to use this in separation reactions using an EDTA/thiol ligand synthesized in the
lab.

O

S

Fe

Pt

Figure 23. Acid doping of PANI in HClO4 before uptake of Au (green) and after (red). Redox
properties of a PANI/Au/FcThiol membrane in HClO4 (blue) and Au/FcThiol (yellow). A
schematic of the PANI/Au/FcThiol is provided for clarity.
Finally, with the knowledge that the potential of the individual Au clusters within the polymer
matrix can be mediated, the chelating ligands will be substituted in future studies to determine if
the potential mediated separation of similar chemical species is feasible, as demonstrated in
Figure 24.
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Figure 24. (a) Schematic of a conductive polymer/Au composite electrode. (b) Chelating ligand
to be bound to the gold dispersed in the conductive polymer. (c) Potential mediated separation
of a metal species from solution using chelation.
Fundamental Chemistry of U and Pu in the TBP-Dodecane-Nitric Acid System (Task 26).
Sample Generation
The samples made last quarter were still used in this quarter. The samples were made of an
aqueous phase and an organic phase. The aqueous phase consisted of nitric acid, lithium nitrate,
uranyl nitrate, and water. The concentrations of nitric acid varied from 0 M to 12 M. The total
nitrate concentration varied by addition of LiNO3 and ranged from the acid concentration to 12
M. There were two sets of uranium concentrations investigated; they were 0.1 M and 0.05 M
UO2(NO3)2. The organic phase of each sample consisted of a pre-equilibrated solution of 30%
TBP (tributylphosphate) in dodecane. Volumes of 0.75mL of each phase were contacted by
mixing for 2 minutes with a vortexor. Then the samples were centrifuged for 3 minutes to ensure
complete separation of the two phases. Each phase was extracted and stored separately. The
analyses were run on both the organic and aqueous phases.
Nitric Acid Determination
The Titrino titrator was recently repaired and reinstalled with new auto-sampling capabilities.
First the instrument had to be understood, and then a method of titration the samples had to be
designed. The titrator was used in dynamic mode and the settings were optimized so that each
titration would take about 3-5 minutes to ensure equilibration. Figures 25 and 26 give the results
in terms of acid concentration. This shows that the amount of acid extracted to the organic phase
is negligible. More tests need to be run on the actual organic phase to see if there may be a
measurable amount, but it looks as though all the acid stays in the aqueous phase.
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Figure 25. Measured aqueous acid concentration with varied initial acid.
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Figure 26. Measured aqueous acid concentration with varied initial acid.

UV-Vis Spectroscopy
The organic phases of the samples were looked at with UV-Vis. The instrument used is a Varian
with a microplate reader. The wells were filled with 167 mL of sample, which is used to adjust
the absorbance to a 1cm path length. Figure 27 shows a portion of a typical spectrum. There are
no noticeable peak shifts as the nitrate increases, but the relative peak heights change. The peak
around 403 nm gets larger while the peak at 425 nm gets smaller. The trends in this spectrum are
very similar to the other spectra taken when holding acid concentration constant. Similar effects
are not seen when holding total nitrate concentration constant. This suggests that as nitrate
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concentration increases there may be a difference in the bonding around uranium with a chance
in speciation to the nitrato form.
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Figure 27. Uranium absorbance with varied nitrate.

Uranium-AHA experiments
Ionic strength was held constant at 1.003 M using NaClO4 with a constant 4:1 ratio AHA to
uranium and the pH varied from approximately 0 to 10 in the experiments. There was a
noticeable optical variation with pH and an accompanying change in absorbance. (Figure 28).
Further experiments were performed at pH 5 with a constant uranium concentration and the
AHA varied. Kinetic experiments were also performed and showed rapid complexation of
uranium to AHA.
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Figure 28. Uranium-AHA absorbance with pH.
Investigation of Optical Spectroscopy Techniques for On-Line Materials Accountability in
the Solvent Extraction Process (Task 29).
UV/Visible Spectroscopy of Uranium in Aqueous Process Streams
Initial studies on the uranyl/nitrate/acid system have been completed. The effects of nitrate and
acid concentration on the uranyl absorbance spectrum were examined and determined to be
significant. As a result, the molar absorptivity constant was measured for a number of
acid/nitrate concentrations, selected to be representative of expected process conditions in the
aqueous streams of the UREX process. Based on these values the detection limits for uranium
was determined for these process streams, assuming a 1 cm optical path length.
The UREX feed stream and uranium product will both have molar quantities of uranium present.
The expected concentration of uranium in these streams exceeds the linear range of detection for
a 1 cm path length cell (Table 5), which will require either the reduction of the path length or the
dilution of the feed prior to analysis. In designing the equipment train for the recycling plant, a
slip stream could be extracted from the feed or uranium product streams for analysis. This slip
stream could easily be mixed in a controlled mass ratio with a diluent stream of nitric acid or
passed through a reduced diameter section to provide a significant reduction in path length.
Either of these options, or more realistically the combination of these engineering options, could
reduce the absorbance in the system back to within the linear response range of the technique.
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Table 5. Molar Absorptivity and Detection Limits In Process Relevant Conditions
Stream

Conditions

ε+Δε (L/mol·cm)

[H+]
1.5

[NO3-]
4

2

2

Tc Prod.

5.5

6

U Prod.

0.5

2

PUREX
Feed

4

6

UREX
Feed
Raffinate

9.6704±0.1171 (416 nm)
0.4402±0.0285 (485 nm)
8.1646±0.3132 (414 nm)
0.3513±0.0277 (486 nm)
10.444±0.339 (417 nm)
Not measured (486 nm)
7.8912±0.1352 (415 nm)
0.3563±0.0105 (486 nm)
10.045±0.160 (417 nm)
Not Measured (486 nm)

Detection Limits
(1 cm Path Length)
Lower Limit
1.2x10-2 M
(416 nm)
9.6x10-3 M
(414 nm)
1.9x10-2 M
(417 nm)
9.5x10-4 M
(486 nm)
1.5x10-2 M
(417 nm)

Upper Limit
8x10-2 M
(416 nm)
8x10-2 M
(414 nm)
6x10-2 M
(417 nm)
8x10-2 M
(486 nm)
8x10-2 M
(417 nm)

The raffinate and technetium streams are expected to have significantly lower concentrations of
uranium. The primary differences in these streams are the nitric acid concentrations and the
presence of AHA in the raffinate stream. In these streams, the expected concentrations will
likely fall below the detection limits observed for a 1 cm optical path. While the limits of
detection may be able to be extended with a longer path length, scattering and other phenomena
would likely limit this to only a 1 order of magnitude reduction in the detection limit. However,
the technique could still be used to establish a threshold value for uranium, which may be useful
in detecting changes in process chemistry.
In addition to the potential applications for direct, on-line concentration measurements,
UV/Visible spectroscopy may also provide analysts with the ability to observe process
chemistry. From a proliferation resistance point-of-view, two observations show immediate
promise. By examining the full spectrum, it should be possible to detect the conversion of a
recycling plant from the UREX process, which does not separate plutonium, to the PUREX
process, which does result in a purified plutonium product due to the associated increase in molar
absorptivity along with a change in peak shape. The pattern loses individual peaks and is
replaced by one broad, flat peak. This change in process chemistry could also be detected in the
raffinate stream. The presence, or absence, of AHA in the raffinate stream becomes significantly
more pronounced as the pH of the analyzed stream is increased. By titrating a slip stream from
the raffinate product stream to higher pH, and comparing the observed spectrum to one from a
second, unaltered slip stream, the presence of AHA in the raffinate can be confirmed (Figure 29).
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Figure 29. Effect of increasing pH on uranyl spectrum in the presence of AHA.
[UO22+] = 0.094 M, [AHA] = 0.087 M
Laser Fluorescence Spectroscopy of Uranium in Aqueous Process Streams
Final installation of the safety systems for the laser spectroscopy laboratory was completed.
Shakedown of the laser system was completed. Experimental investigation of the time resolved
laser fluorescence spectroscopy of the uranyl/nitrate/acid system has been initiated.

Figure 30. Laser-induced fluorescence of uranium.
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Combined Radiation Detection Methods for Assay of Higher Actinides in Separation
Processes (Task 30).
Students continued developing concepts for use of the 3He Neutron Multiplicity Detector System
(NMDS) for Materials Protection, Accounting, and Control, including use with a carbon neutron
slowing down spectrometer (CSDS) and for monitoring process streams. The NMDS has been
upgraded with a new digital data acquisition system (DAQS) and computer for acquiring and
processing data at higher count rates such as those that would be expected from fissile materials
in process.
Tests with background and a neutron source demonstrated that some detectors in the 64-detector
Neutron Multiplicity Detector System (NMDS) were counting abnormally when using the
original DAQs. Some components required maintenance. National Instruments representatives
visited the detector lab to examine the performance of their software with the Labview-based
DAQS, and offered suggestions for improvements to the modular programming. The NMDS was
disassembled and moved to storage for installation of a new floor in the counting laboratory,
which has been extensively delayed. It was re-assembled in the cubic configuration and tested
following construction work in the detection lab. Subsequent examination revealed that the
wiring connectors on the new DAQs were not robust enough for transport to ISU for active
interrogation experiments with the CSDS.

Figure 31. Cross section of a neutron multiplicity detector arrangement for assay of process
pipes.
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TRANSMUTATION SCIENCES
Use of Positron Annihilation Spectroscopy for Stress-Strain Measurements (Task 14)
This project is focused on the evaluation of residual stresses in target structural materials by
destructive and non-destructive techniques. In addition, microstructural evaluations have also
been performed by metallographic techniques. More recently, the effect of post-weld-thermaltreatments (PWTT) on the internal stresses in welded specimens has been studied. Further, the
characterization of defects (dislocations) by transmission electron microscopy (TEM) has been
performed.
TEM micrographs of the cold-reduced plates were characterized by the presence of dislocations
and carbide precipitates, irrespective of the cold-reduction level (Figure 32). The dislocation
density (ρ) was gradually enhanced almost by an order of magnitude due to the reduction of
thickness by cold-rolling from 0 to 7-11%, respectively (Figure 33). For welded specimens of
similar and dissimilar materials, the magnitude of ρ was substantially higher at the heataffected-zone compared to that of the base material.

Figure 32. TEM micrograph of Alloy EP-823 used to determine ρ.
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Figure 33. Variation of ρ and T-parameter with percent cold reduction.
Corrosion Mechanisms and Kinetics of Steels in Lead-Bismuth Eutectic (Task 18)
The capability to do Raman spectroscopy on regions as small as a few microns in diameter has
been developed at UNLV. This will allow observations of characteristic vibrations to identify
crystal forms of materials on the micron scale. This capability has been lacking in previous
studies in the field, due to the difficulties in doing micron scale studies on as-received samples.
Investigations continued on steel samples exposed to LBE in a Russian test loop. It was found
that very similar steels can show very different corrosion behavior in concert with different
protective oxide morphology: slow corroding steels have a thin, high chromium surface layer
similar to the initial oxide, while the faster corroding steels have a duplex oxide, magnetite above
an iron-chromium oxide which is ~10x thicker than the thin protective oxide.
Inhibition of the conversion from protective thin oxide to less protective duplex oxide may lead
to improved service life. Recently, an investigation of D9 steel, which has intermediate
corrosion resistance, was finished. It was found that the oxide was primarily thin, with patches
of duplex oxide.
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Figure 34. Iron/chromium ratio of the surface layer in cold rolled 316L stainless exposed to LBE
for 1000 hrs at 550 °C as determined by XPS sputter depth profiles. Note the increase in iron
concentration in the top 100 nm of the oxide layer, perhaps due to reaction of dissolved iron with
the surface oxide or surface contamination with magnetite.

Figure 35. D-9 shows failure of the thin oxide and formation of duplex oxide in localized
patches. The iron moves outside the original metal surface to form Fe3O4 (as shown by Raman
spectroscopy) and the chromium stays in place to form an iron/chromium oxide which undercuts
the thin oxide.
The conversion from protective thin oxide to less protective duplex oxide seems to occur at
localized sites. Further, the boundary between the chromium free magnetite layer and the
chromium containing iron-chromium oxide is the same as the original metal surface – i.e. the
chromium does not move nearly as rapidly as the iron does. This means that the failure sites of
the thin oxide in D9 are not healing to form thin oxide, in contrast with previous work on cold
rolled 316 steel which did show healing to reform thin oxide. Control of the localized failure
mode and understanding the healing mechanism may lead to improved corrosion resistance.
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The migration channels for oxygen into and iron out of the iron-chromium oxide layer can be
observed. Anisotropic etching of the underlying metal grains by the oxygen diffusing into the
duplex oxide was noted, indicating some crystal planes seem to be more subject to oxidation than
other planes. This opens another possible mechanism for improvement of oxidation resistance:
If metal grains at the surface are oriented by shear between the underlying metal and the surface
(by cold rolling, for example), the steel may become more resistant to formation of the thicker,
non-resistant oxides.

Figure 36. Atom probe image of etched D-9. Note high etch rate along grain boundaries and
elsewhere. Arrows indicate evidence of oxidation along specific crystal planes in the metal.
These observations will be expanded upon by studies utilizing stable isotope labels to track the
migration of oxygen and alloy constituents in our test facilities and in other test loops.
Impact of Silicon on Corrosion Resistance of Stainless Steels in LBE Systems (Task 20).
This task is primarily focused on the evaluation of the effect of Si content on the susceptibility of
modified 9Cr-1Mo-0.24V steel to stress corrosion cracking (SCC) and localized cracking in both
molten lead-bismuth eutectic (LBE) and an aqueous solution of acidic pH. Further, significant
efforts are in progress to characterize the deformation mechanism of modified T91 grade steel as
a function of temperature and strain rate. Simultaneously, surface analyses of the tested materials
are ongoing using techniques including scanning electron microscopy (SEM) and transmission
electron microscopy (TEM).
Tensile data indicates that the magnitudes of both Yield Strength and Ultimate Tensile Strength
were gradually reduced with increasing temperature, as anticipated. However, there was a
gradual drop in the failure strain in the temperature regime of ambient to 400ºC (Figure 37).
The gradual reduction in failure strain in the susceptible temperature regime has often been cited
to be the result of work hardening resulting from the diffusion of interstitial solute elements onto
the dislocations near the grain boundaries. This phenomenon, known as dynamic strain ageing, is
also a function of strain rate used during plastic deformation under tensile loading.
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The results of slow-strain rate testing in an acidic solution (pH~2.2) suggest that the cracking
susceptibility was enhanced at 90ºC in terms of the reduced time to failure and failure strain
(Figure 38).
SEM study on self-loaded C-Ring specimens revealed a separation of grains possibly due to the
decohesion of surface layers resulting from their interaction with the molten metal (LBE).
Intergranular brittle crack was seen on the convex side of this specimen, which also revealed the
presence of lead, as observed by energy dispersive spectroscopy (EDS).
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Figure 37. Engineering stress-strain curves at various temperatures.
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Figure 38. Engineering stress-strain diagram in acidic solution (pH~2.2).
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Oxide Film Growth Modeling in LBE Systems (Task 21).
Numerical modeling on the oxygen-diffusion controlled oxide layer growth model
The moving boundary problem was solved by the finite difference method with transformation
of the dependent variables and the coordinates. Also, the numerical code was benchmarked with
available publication results. The Newton-Raphson method was adopted for the iteration
solution. The code was programmed using C++. With the same computation condition, the
comparison of present numerical results with available experiment and numerical data was made.
The results are in agreement.

Figure 39. Weight gain as a function of time.
Stochastic modeling with cellular automata method on the surface growth and internal oxidation
Based on Rebertson’s theory, the morphology of steel under the mechanism of corrosion and
oxidation under lead-alloy environment is modeled by a cellular automaton method, which uses a
simple mathematical model to investigate self-organization in statistical mechanics, and is
especially suitable for complex systems. In the present model, the goals are to explore the gross
features in the evolution of morphology of the structure material under the liquid lead metal
environment. A global random walk method has been included to characterize the diffusion
process of iron. Working on the mesoscopic level, three main processes, which include the
corrosion of the substrate, the diffusion of iron species across the oxide layer, and precipitation
of iron on the oxide layer, are included. In contact with liquid lead alloy, a piece of steel (mainly
Fe and Cr) is corroded. The oxide layer is formed by one part of the corroded steel at the local
place where corrosion occurs. Meanwhile, the remaining part of iron starts to diffuse across the
oxide layer till they reach the layer boundary where they precipitate as new oxide product. Some
of the results from the model are shown in Figures 40 and 41.
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(a) ρ = 0

(b) ρ = 0.1
Figure 40. Snapshots of the simulated layer in the presence of corrosion and surface growth.
They correspond to 2.5×104 time step. The red dot is Fe3O4 site; the blue dot is Cr site; the
green dot is Fe walker site; the cyan dot is M3O4 site. Upper side of layer is filled with liquid
LBE with low oxygen concentration. Lower side of the oxide layer is steel. The corrosion
probability of Fe and Cr are taken as 0.5. The atomic fraction of Cr in Steel is 0.1.
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Figure 41. Average front position as a function of time for different Cr atomic fraction.
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Corrosion Barrier Development for LBE Corrosion Resistance (Task 23).
Deposition of Ni nanowire inside alumina template pores on steel samples
As reported in the last quarterly report, due to the problems encountered with Cr nanowire
deposition, Ni was identified as the alternative nanowire metal to provide structural integrity to
the nanoporous alumina. Nickel was selected due to its established electrochemical synthesis
procedure. With a thick layer of dense alumina on top, Ni nanowires are expected to provide the
desired structural integrity and corrosion resistance. It was also reported in the last quarterly
report that the technology for Ni nanowire deposition was developed on silicon samples, which
provided the ability to characterize the samples through cross-sectional imaging. During the last
quarter, the deposition technique was transferred to steel samples.
Deposition of Ni nanowires on steel substrates was achieved by using the following procedure. A
new batch of steel samples was coated with metallic aluminum which was first anodized using
constant current anodization. The voltage across the cathode and anode was monitored to
monitor the anodization process. Since it is not possible to obtain cross-sectional images of the
structures on steel samples, the voltage-time characteristics provide a good measure for the
quality of the anodized alumina structures. Figure 42 shows a typical voltage-time characteristic
obtained during the anodization of aluminum on steel samples, which when compared to data
from silicon samples confirm the good quality of the nanoporous alumina. The electrochemical
deposition of the Ni nanowire was carried out in a two-electrode arrangement in a mixture of
NiSO4·6H2O, NiCl2·6H2O and H3BO3. The deposition was carried out at room temperature at a
potential difference of 1 V between the anode and the cathode and for 60-80 seconds. The
deposition current as a function of time was used to monitor the growth rate of the wires. Since
it is difficult to obtain cross-sectional images of samples created on steel samples, the filling of
the nanoporous alumina pores with Ni had to be confirmed from the current-time characteristics.
The cross-sectional image of Ni nanopillars on a silicon substrate with similar current-time
characteristics is shown in Figure 43. The Ni nanopillars deposited in the nanopores on a steel
substrate are expected to have similar features.
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Figure 42. Voltage-time characteristics during anodization of aluminum on steel samples.

Figure 43. A typical cross-sectional image of Ni nanowires deposited inside nanoporous alumina.

Deposition of dense alumina on steel substrates
The thick layer of dense alumina on top of the Ni nanowires provides the first layer of defense
against corrosion for the steel substrates. After investigating the various techniques to deposit
alumina, sputter deposition was identified as the appropriate technique for depositing thick layers
of insulators. However, the insulating nature of alumina makes it a difficult task to deposit by a
sputtering technique. To address this problem, it was decided to use a pulsed DC sputtering
technique, which is a relatively new technique for the deposition of insulators. Fortunately, the
UNLV Nanodep System is equipped with such equipment. An alumina sputter target of the
appropriate dimensions was obtained for this purpose and extensive preliminary testing was
carried out to optimize the deposition process. Such preliminary experiments were carried out on
silicon substrates since it allows cross-sectional imaging of the samples. Figure 44 shows a
typical cross-sectional image of dense alumina deposited on silicon substrates using pulsed DC
sputtering. The deposition rate for alumina was determined from a series of such cross-sectional
images. The experimentally obtained deposition rate was used to deposit a 3 micron layer thick
dense alumina layer on top of the Ni nanowires. The samples are currently being tested for
thermal recycling. Effort is also continuing to deposit thicker layers of alumina, preferably up to
10 microns.
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Figure 44. A typical cross-sectional image of dense alumina deposited on a silicon substrate by pulsed
DC sputtering.

Reactor Physics Studies for the AFCI RACE Project (Reactor-Accelerator Coupling
Experiments Project (Task 27).
Students completed a two-semester senior design project to design, fabricate, construct, and test
a new high-power, uranium-containing water-cooled target for High-Power RACE, see Figure
45. The final design of the CETON (Cooled Electron Target—Optimized for Neutron
production) includes a tungsten electron-photon converter, an aluminum cooling shroud, and a
cavity for inserting an aluminum-clad natural uranium photon-neutron converter. The CETON
was assembled and successfully leak tested with high-pressure water during the previous quarter.
It was transported to ISU’s IAC in April for further tests to measure neutron generation and heat
transfer while coupled to a 25-MeV electron linac. The UNLV students won the UNLV
Mechanical Engineering Senior Design Competition for the CETON design.
UNLV collaborated with ISU and CEA in a series of accelerator-driven subcritical (ADS)
experiments at the Idaho Accelerator Center. UNLV Researchers traveled to ISU to work with
Christian Jammes of CEA and Konstantin Sabourov and Kevin Folkman of ISU to conduct a fuel
loading/criticality measurement experiment in the ISU RACE Subcritical Assembly (SCA). This
measurement was followed by a series of ADS experiments using a low-power, 20-MeV electron
accelerator coupled to the SCA with a tungsten-copper neutron generating target. Results are
being analyzed.
A variety of code systems are being evaluated for modeling neutron generation and transport and
thermal feedback effects in accelerator-driven TRIGA as well as other reactors. ERANOS,
RELAP, PARCS, and APOLLO have been evaluated. INL’s RELAP5 code system for thermalhydraulic reactor analysis and ERANOS reactor analysis code from the CEA (France) have been
installed. EUROTRANS/ECATS participants are developing accelerator-driven applications of
ERANOS, and RACE collaborators at the University of Michigan have used it to evaluate
TRADE and MUSE experiments.
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Figure 45. Components of e CETON (Cooled Electron Target—Optimized for Neutron
production) excluding tungsten-copper disks for converting electrons to photons. The W-Cu
disks fit in the cavity at the upper left. In addition, the body is bored to accept a 10” aluminumclad uranium photoneutron generator.
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